AbsTRACT
Asthma is a complex inflammatory disease with many triggers. The best understood asthma inflammatory pathways involve signals characterized by peripheral eosinophilia and elevated immunoglobulin E levels (called T2-high or allergic asthma), though other asthma phenotypes exist (eg, T2-low or non-allergic asthma, eosinophilic or neutrophilic-predominant). Common triggers that lead to poor asthma control and exacerbations include respiratory viruses, aeroallergens, house dust, molds, and other organic and inorganic substances. Increasingly recognized non-allergen triggers include tobacco smoke, small particulate matter (eg, PM 2.5 ), and volatile organic compounds. The interaction between respiratory viruses and non-allergen asthma triggers is not well understood, though it is likely a connection exists which may lead to asthma development and/or exacerbations. In this paper we describe common respiratory viruses and non-allergen triggers associated with asthma. In addition, we aim to show the possible interactions, and potential synergy, between viruses and nonallergen triggers. Finally, we introduce a new clinical approach that collects exhaled breath condensates to identify metabolomics associated with viruses and non-allergen triggers that may promote the early management of asthma symptoms.
InTRoduCTIon
Despite the consensus set of features that define asthma (reversible airflow obstruction caused by bronchial hyper-reactivity, mucus production, and chronic airway inflammation), 1 asthma is better classified as a syndrome of related heterogeneous diseases with numerous exacerbating factors, overlapping inflammatory mechanisms, and varied responses to standard therapies. The best characterized among these phenotypes is allergic asthma, defined by IgE-mediated sensitization to environmental allergens. These allergens trigger an adaptive inflammatory response leading to asthma symptoms 2 mediated predominantly by increased production of the cytokines interleukin 4 (IL-4), IL-5, and IL-13 (type 2 inflammation or allergic inflammation (previously called Th2)). 3 4 However, approximately 40% of asthma is not triggered by allergens with a diverse range of factors that may promote asthma development and exacerbations via activation of the innate immune system. 5 Respiratory viruses are a major trigger for asthma exacerbations, and they can potentiate the development of asthma in children. 6 7 Respiratory viruses are mainly thought to worsen both allergic inflammatory pathways 7 8 and non-allergic inflammatory pathways. 9 10 The interaction between virus-associated asthma and non-allergic triggers is an area of active research. In this review, we will discuss respiratory viruses and non-allergen triggers associated with the severity or development of asthma. Specifically, we will discuss exposure to common respiratory viruses, tobacco smoke, fine particulate matter (P M 2.5 ), and volatile organic compounds (VOCs), and we aim to highlight the synergistic or potentiating interactions between respiratory viruses and non-allergen asthma triggers. Finally, we present a paradigm of asthma management based on exhaled breath metabolites. Figure 1 details and contrasts current inflammatory pathways in asthma, T2-high and T2-low, that are of academic and clinical interest.
RespIRAToRy vIRAl InfeCTIons And AsThmA
Wheezing during acute viral respiratory illnesses is seen in 30% of children under age 3 years, with the majority of these having no lasting respiratory sequelae by the time patients reach late childhood to adulthood. 11 12 Despite the resolution of symptoms in most patients, the presence of wheeze in children with rhinovirus (RV) and respiratory syncytial virus (RSV) infections is associated with an increased risk of developing chronic asthma by age 6 years. 13 From infancy to age 6 years, sensitization to common aeroallergens strengthens the association between childhood viral wheeze and subsequent development of asthma. 11 14 Interestingly, children with atopy are more frequently infected with RSV than those without atopy suggesting a multidirectional and more complex genetic and immune relationship between certain asthma phenotypes and these viral pathogens. 15 Though this described association is significant, on October 3, 2019 by guest. Protected by copyright.
http://jim.bmj.com/ J Investig Med: first published as 10.1136/jim-2019-001000 on 27 July 2019. Downloaded from Review figure 1 Inflammatory pathways in allergic and non-allergic asthma. In allergic asthma (left) T2 cells (here shown as Th2) drive inflammation and bronchial hyper-reactivity through the production of IL-4, IL-5, and IL-13. IL-4, in particular, drives IgE production. In non-allergic asthma (right) type 2 innate lymphoid cells (ILC2) also produce IL-5 and IL-13, though little IL-4 is produced omitting IgE production. In this classic model, allergens stimulate the T2 response and non-allergen triggers (viruses, tobacco smoke, and particulate matter) stimulate the ILC2 response (adapted from Lambrecht et al). 4 CRTH2, prostaglandin D2 receptor; IgE, immunoglobulin E; IL, interleukin; MHCII, major histocompatability 2 complex; NKT, natural killer T cells; PGD2, prostaglandin D2; T2 (Th2), type 2 inflammation; TCR, T cell receptor; TSLP(R), thymic stromal lymphopoietin (receptor); Ym1, M1-polarized macrophage.
allergic sensitization to environmental antigens remains the most significant risk factor for developing asthma. It has been estimated that 85% of children who develop asthma and up to half of adults who develop new-onset asthma demonstrate allergic responses to aeroallergens. 16 However, studies have suggested that the interplay of atopy and respiratory viral infection may lead to significant augmentation of asthma risk. Among children and adolescents who already carry a diagnosis of asthma, more than 80% of all exacerbations are attributable to acute viral infections. 15 17 RV and enterovirus are the most common agents in adolescents, while RV and RSV are more common among children under 3 years. 17 Influenza A and B and coronaviruses are also associated with asthma exacerbations, 18 though these are less commonly found among exacerbating patients with asthma. However all respiratory viruses show roughly equal potential to trigger an exacerbation once infection is established. 19 Given the changing seasonal patterns of influenza infections, it is possible that influenza may trigger more asthma exacerbations in years to come.
Identification of viral infection among target populations has been an area of relative success in our understanding of the causes of asthma exacerbations. The viruses associated with asthma exacerbations are easily and relatively inexpensively identified in sputum or nasal lavage via PCR and flow cytometry. 18 19 Clinically relevant viruses can be identified with high degrees of sensitivity and specificity, and an increasing number of tests are available that allow this identification to be carried out at the point of care by nurses and physicians in the primary care clinic setting. 20 21 Investigation into biomarkers that facilitate prognostication of the clinical course of viral respiratory infections among patients with asthma continues to yield promising leads, but currently no definitive, clinically verified tests have emerged. Children with asthma presenting to healthcare providers with symptomatic wheeze testing positive for viral infection show higher levels of IL-5 and eosinophil cationic protein (ECP) in both serum and nasal samples than either non-infected patients with asthma or infected patients with asthma without symptomatic wheeze. 22 episodes in preschool children shows elevation above baseline levels measured in the same subjects during periods of remission and compared with healthy controls. 24 Among adult patients with asthma diagnosed with respiratory viral infections at the time of an asthma exacerbation, sputum interferon-1α (IFN-1α), IFN-1β and IFN-γ mRNA levels correlated with severity of symptoms; IL-13, IL-10 and eosinophil major basic protein mRNA levels were greater in patients with viral asthma exacerbations compared with non-exacerbating patients with asthma. 18 Interferon λs, or type III interferons, have recently been described as facilitating immune dysregulation at the airway mucosa in response to respiratory virus infections, and these signaling molecules may play a role in asthma development and exacerbations. 25 A protein of special interest is IFN-γ-inducible protein 10 (abbreviated as IP-10, also known as CXCL10), a member of the CXC class of chemokines. IP-10 is secreted by immune and non-immune cells alike in response to inflammatory markers (IFN-γ, TNF-α, and IL-1β, among others) and promotes activation of numerous downstream pathways that are implicated in the activation, replication, and differentiation of lymphocytes and monocytes. 26 Among children with asthma and adults, serum IP-10 levels increase during acute exacerbation, with virally induced exacerbations generating greater elevations than those with other triggers. 27 28 It is not yet clear how viruses induce epithelial IP-10 release, though it appears that active viral replication is necessary as UV-inactivated RV did not generate elevated IP-10 levels. In a study of 63 children with asthma, serum IP-10 levels >38.9 pg/mL were 85% sensitive and 47% specific for diagnosing virus-induced asthma (although a negative correlation between IP-10 levels and age limits generalizability to adults). 28 A study of 11 subjects with asthma (ages unspecified) experimentally inoculated with RV showed peak cold symptoms at 3.7 days, followed by peak asthma symptoms at 5.8 days; IP-10 measured by nasal lavage showed a mean increase of 247 (155-339) pg/mL from baseline (mean increase of 12-fold (95% CI 3 to 40)) occurring in concert with cold symptoms, providing a 2-day lead time from peak IP-10 to peak asthma symptoms. 29 Serum IP-10 levels peaked in a similar time frame to nasal lavage, while sputum levels lagged several days behind.
While each of these biomarkers may further our understanding of viral asthma exacerbations and the immune milieu, their current clinical utility is limited by several factors: (1) Lack of specificity to virus-induced exacerbations. (2) Lack of specificity in relation to virus species and strains. (3) Limited data regarding how levels change over the course of an exacerbation. (4) The lack of correlation between these biomarkers and patient clinical course. There are ongoing studies of virus-specific effects in the respiratory tract which may further elucidate the pathogenesis, molecular fingerprints, and clinical manifestations of viral infection in patients with asthma. Table 1 shows established data on viruses, inflammatory markers, and clinical effects.
Respiratory syncytial virus
The relationship between RSV and asthma is well established. RSV infection in infants can result in acute bronchiolitis, which symptomatically presents like asthma in adults and children resulting in small airways inflammation, mucus production, wheezing, and acute respiratory distress. 30 RSV is a common viral infection that affects up to 90% of children within the first 2 years of life. Children who have been hospitalized with RSV infection are more likely to have atopic sensitization by age 7 years. 11 In addition, levels of anti-RSV IgE are significantly higher in patients with asthma compared with patients without asthma. Additionally, total serum IgE is associated with serum titers of anti-RSV IgE in patients with asthma further supporting that early RSV infection may favor a T2 inflammatory profile. 31 Infants older than 2 months of age with a viral bronchiolitis versus a viral infection not associated with bronchiolitis have higher blood eosinophils. 32 33 In hospitalized infants with RSV-positive bronchiolitis, fluids from nasal lavage showed detectable levels of ECP-a known eosinophil degranulation product that is a marker for eosinophil activation-and leukotriene C4-a soluble inflammatory Oxidative stress and neurogenic pathway-mediated bronchospasm. Neutrophilic inflammation. Eosinophilic inflammation via recognition of hapten as an antigen and IL-4. Associated with decline in spirometry and peak flow with increased dyspnea scores.
mediator seen in patients with asthma. Interestingly, there is a significant correlation between the two, suggestive of an eosinophilic origin for the leukotriene response in RSV bronchiolitis. 31 33 In an in vitro study to assess chemokine expression in RSV infection, human epithelial respiratory cells infected with RSV showed increased production of macrophage inhibitory protein-1α (MIP-1α) on days 3 through 5 postinoculation with active virus. 34 This chemokine is also detected in lower respiratory secretions sampled from intubated infants with RSV bronchiolitis. MIP-1α levels positively correlate with levels of ECP isolated from RSV-infected patients' lower respiratory secretions suggesting that RSV-related production of MIP-1α is important in the recruitment and activation of eosinophils. The study also found that lower respiratory tract secretions had higher levels of eosinophil-derived neurotoxin in RSV-infected patients again indicating higher eosinophilic-specific inflammation.
Another study examining infants 7 months and younger infected with RSV showed that their nasopharyngeal secretions had higher levels of IL-4, a key cytokine that mediates airway hyper-responsiveness and a potential target for asthma therapy, as compared with healthy control subjects. 35 There was even greater elevation in IL-4 in samples from subjects younger than 3 months suggesting a more pronounced T2 inflammatory response in younger infants. This also was true of MIP-1β and ECP, again suggesting significant recruitment and activation of eosinophilic inflammation in RSV infection.
While not fully understood, the significance of the relationship between RSV and its inducible inflammatory profile has some interesting correlations with asthma. In a study examining the nasopharyngeal aspirate in RSV-infected children, even a year after infection, subjects had a persistent elevation in multiple cytokines including MIP-1α, MIP-1β, and IL-4. 36 Other cytokines identified at persistently elevated levels post RSV-infection include VEGF, G-CSF, IL-10, IL-6, IFN-γ, IL-7, and IL-13. Of these, VEGF, G-CSF, IL-6, and IFN-γ have been implicated in the pathogenesis of postviral-induced asthma. G-CSF, IL-6, IL-7, and IL-13 are also elevated in respiratory and plasma samples of patients with asthma. The persistence of these inflammatory markers may indicate that early life viral infection may prime the respiratory epithelium for further aeroallergen sensitization by encouraging adaptive T2 high inflammation and eosinophilic recruitment. A similar hypothesis may be proposed for non-allergen triggers that activate in the innate immune system and type 2 innate lymphoid cells.
While there are many studies linking RSV with asthma-like illnesses in children and the subsequent risk of developing asthma later in childhood, we are only just beginning to understand the complex immune responses to viral infection. The connection between RSV and asthma appears to be an induced and exagerrated T2-high inflammatory response that may persist for months to years. Causality between early infection and development of asthma has been hard to prove, but perhaps one of the more convincing pieces of evidence involves palivizumab, an anti-RSV antibody that has been shown to have 70%-80% efficacy in preventing RSV hospitalization. 37 Treated patients were followed up to age 6 years. By that time, there was no significant difference in asthma prevalence between treated and untreated groups; however, there was significantly decreased rate of recurrent wheezing in the cohort.
human Rv
RV is a very common, widespread pathogen associated with early life bronchiolitis, and it is a frequent inciting factor for asthma exacerbations. This virus binds to respiratory epithelial cells via several receptors, mainly in the upper respiratory tract, including ICAM-1 and CDHR-3 (a cadherin-related protein). RV is then taken into the cell as an endosome where replication and subsequent release of new viral particles occur. 38 There are three genetically distinct on October 3, 2019 by guest. Protected by copyright.
http://jim.bmj.com/ Review species (RV-A, RV-B, and RV-C) with the most common being RV-A and RV-C. Among each species there are many strains, which lead to re-infection with RV over time. 39 RV becomes more prevalent in children at 12 months of age and older. Children with RV-bronchiolitis are more likely to have atopic family members, atopic dermatitis, and peripheral blood eosinophilia. 13 A follow-up study on American children, a cohort of 259 infant patients with RV-bronchiolitis demonstrated that their risk of having recurrent wheeze at age 3 years was increased with an OR of 10 (CI 95% 4.1 to 26). 40 Recurrent wheeze in the third year was associated with asthma at age 6 years with an OR of 26 (95% CI 8.2 to 80). Again, while the specific cellular and molecular pathways are not completely understood, there are several interesting findings regarding the link between RV-induced inflammation in the respiratory tract and the inflammation in patients with asthma. 40 Serum cytokine samples from children hospitalized with bronchiolitis secondary to RV or RSV showed that the RV-infected patients tended to have higher prevalence of atopic features. In the acute infection stage, the levels of serum IL-5 and IL-13 were higher compared with the RSV cohort. Moreover these higher levels were related to the atopic features of patients suggesting an interaction between environment, the pathogen, and the host.
IL-10, a T cell regulatory cytokine associated with airway hyper-reactivity, was noted to be elevated significantly in RV-infected patients compared with RSV-infected patients. 23 Kato et al found that, serum ECP, serum IL-5, and IL-5 in nasal secretions were markedly elevated in patients infected with RV with wheezing. Similar to the data in RSV infection, the current data on RV infection favor a T2-high inflammatory profile. It is postulated that this activity predisposes and primes the immune response often invoked in patients with asthma. 41 
Influenza
In the last decade, influenza infections have garnered significant media attention due to the severe complications and deaths reported from around the world. Patients with asthma are a vulnerable population during the influenza season, particularly regarding complications of influenza including pneumonia and hospitalizations. 42 In both adult and pediatric patients admitted to the hospital with influenza, the most common underlying medical condition is asthma. Patients with asthma also have a higher risk of being admitted to the intensive care unit and tend to have a more severe course compared with patients without asthma when admitted for influenza infection. 42 The pooled prevalence for influenza-associated asthma exacerbation is estimated to be 10%, which is much lower than either RSV or RV. 43 Infection involves epithelial cells throughout the respiratory tree, including the lower respiratory tract. This leads to cellular necrosis, vacuolization, and eventual desquamation, which exposes a vulnerable basilar epithelium layer above the basement membrane. While influenza infection is implicated in triggering asthma exacerbations, the inflammatory cytokine profiles in infected cells do not match what is known about typical T2-high inflammation in asthma. 43 In a mouse model in which animals were infected with either an influenza virus or a T2-inducer regimen, mice infected with influenza demonstrated suppressed T2 responses in bronchoalveolar lavage (BAL) fluid and lung tissue histology. 44 Lung tissue and BAL fluid from influenza-infected mice demonstrated neutrophil, lymphocyte, and macrophage-predominant infiltrates and cell. Mice first infected with influenza then later given the T2-inducer antigen still had reduced eosinophils in BAL fluid and on histology, suggesting that the T1-predominant inflammation typically seen in influenza infection can significantly suppress allergen sensitization and T2-high inflammation. 44 This study also showed that influenza infection decreased the levels of IL-5 in BAL fluid, which is a key cytokine in eosinophilic bone marrow maturation, trafficking, and recruitment.
What is known about influenza infection and the resulting respiratory tract inflammatory profiles are not congruent to the well-described inflammation cascade as a result of either RSV or RV infection. Though influenza-induced asthma exacerbation may not heavily rely on eosinophilic inflammation that is typically associated with classic asthma, there are several published studies that describe the ways in which influenza leads to asthma exacerbation. In one study, there was noted elevation in the NF-κB-mediated cytokines IL-1β, IL-6, and IL-8 in tracheal epithelial cells in addition to elevated IL-6, IL-8 and RANTES in serum postinfluenza infection. A study examining induced sputum in patients with asthma exacerbations infected with influenza A demonstrated significantly increased TNF-α levels compared with sputum from patients with RSV infection and non-infectious triggered asthma exacerbations. 45 Influx of these proinflammatory cytokines in the airways may stimulate mucus hypersecretion and increased capillary permeability resulting in inflammatory cell influx. Additionally Influenza A has been described to activate histamine release from circulating basophils, which may contribute to airway hyper-reactivity. 41 Still, the pathway from influenza infection to asthma exacerbation is poorly understood and deserves further investigation in the hope that perhaps targeted therapeutic options will mitigate the risk of morbidity and mortality in patients with asthma.
non-AlleRgen envIRonmenTAl TRIggeRs of AsThmA: envIRonmenTAl TobACCo smoke
The effects of environmental tobacco smoke (ETS) on healthy participants is better characterized than the effects on patients with asthma, but it is reasonable to extrapolate that the effects are correlative.
Among children without asthma, secondhand ETS exposure is associated with higher serum IL-4, IL-5, total IgE, and higher absolute blood eosinophils; the same studies have also found elevated levels of TNF-a and IFN-γ. [46] [47] [48] Among healthy adult non-smokers, a 1 hour exposure to tobacco smoke yielded increased IL-5 (peaking at 1 hour after completion of exposure), IL-6 (peaking at 1 hour after completion of exposure), TNF-α, and IFN-γ; IL-4 was increased in men but not in women. 49 However, these findings of broadly increased markers of inflammation in response to tobacco smoke have not been consistently replicated. Matsunaga Review between chronic tobacco exposure and serum IL-4 that did not reach significance and had no association with IL-2, IL-4, IL-5, IL-6, TNF-α, or IFN-γ in a group of healthy adolescents. 50 Wilson et al found that among healthy children, chronic tobacco exposure was associated with lower concentrations of IL-1β, IL-4, IL-5, and IFN-γ. 51 Lymphoid tissue from the upper airways of children showed dose-dependent decrease in IFN-γ producing lymphocytes, despite no tobacco-related changes in these lymphocyte counts in peripheral blood. 52 These latter findings suggest that rather than inducing a broad T2-high or T2-low pattern of inflammation, tobacco smoke acts at multiple points throughout these pathways. The effects may be either inhibitory or stimulatory, and the interaction between tobacco smoke and other T1/T2-modulating factors (eg, viruses) may impact the host immune response. Indeed, there are multiple examples of tobacco smoke altering the interaction between upstream and downstream inflammatory mediators. IL-12, an important stimulator of IFN-γ production, has been widely seen to be downregulated by tobacco exposure. 53 54 However a non-asthmatic adult smoking population that showed decreased IL-12 in peripheral lymphocytes, consistent with prior data, had levels of IFN-γ similar to their non-smoking counterparts. 55 This suggests that tobacco smoke may be decoupling the IL-12/IFN-γ pathway or modulating IFN-γ production via an IL-12-independent mechanism. ETS is also seen to alter the typical T2 pathway; in vitro exposure of healthy airway epithelial cells to tobacco smoke inhibited IL-13-induced production of periostin and chloride channel regulator 1, which are involved in stimulating inflammatory cell migration and mucous production. 56 In addition to the diverse, potentially counteracting effects that tobacco smoke may have on inflammatory pathways, the age at which chronic ETS exposure first begins (and the age at which results are measured) may also contribute to large differences in the inflammatory effects between populations.
Maternal smoking during pregnancy is associated with lower levels of IL-4 and IFN-γ sampled at time of birth from cord blood, as well as higher IL-13 in response to dust mite allergen or ovalbumin triggers in animal models; however, there was no association with IL-6, IL-10, IL-13, or TNF-α. 57 58 Lower concentrations of IL-4 and TNF-α in this population was associated with increased risk of asthma and atopy at age 6 years.
Among children without asthma there was no correlation between prenatal ETS exposure and allergic antibodies, while a dose-dependent effect was found for children with postnatal exposure to ETS during the first few months of life. 59 A meta-analysis of 36 studies showed that prenatal and immediately postnatal ETS exposures were not associated with increased risk of atopy (as assessed by skin prick sensitization) without asthma, but the study excluded atopic patients with asthma in the analysis; and the correlation between parental smoking and total IgE levels in children (again excluding patients with asthma) was mixed. 60 Kramer et al found increased allergic sensitization among children exposed to tobacco smoke who also had a sensitized parent, but not among those without a family history, suggesting one possible confounder that may contribute to inconsistent results across multiple previous studies. 61 In contrast to the IL-4-lowering effects of prenatal ETS exposure, non-smoking adults exposed to tobacco smoke and an allergen showed increased IL-4 (along with IL-5 and IL-13), relative to those who were not exposed to ETS. 62 The ETS-exposed group had decreased IFN-γ similar to prenatal tobacco smoke exposure.
Exposure to tobacco smoke, among smokers and non-smokers alike, has long been recognized as both a contributor to the development of asthma as well as a trigger for asthma exacerbations. [63] [64] [65] [66] Secondhand smoke exposure among asthmatic non-smokers positively correlates with frequency and severity of symptoms as well urgent care and emergency department (ED) visits (although, a ceiling effect appears to eliminate this latter correlation in active smokers). 67 68 In addition to its association with increased frequency of acute exacerbations, tobacco smoke exposure also positively correlates with worse baseline performance on spirometry (lower FEV 1 , FVC, and FEV 1 /FVC) and more frequent upper respiratory infections. 69 70 However, the effects of tobacco smoke exposure on the inflammatory milieu, particularly as it relates to the classically defined T2-high versus T2-low pathways of asthma, remain poorly understood.
The most well defined and consistently demonstrated effect of cigarette smoking on asthmatic inflammatory pathways is the decrease of exhaled nitric oxide (FeNO) levels. T2-high asthma is typically associated with a baseline elevated FeNO compared with a healthy population. However, patients with asthma who demonstrate a typical T2-high inflammatory profile show a dose-dependent decrease in FeNO with tobacco smoke exposure (although levels continue to remain elevated above healthy non-asthmatic mild-to-moderate smokers). 71 The mechanism and clinical effects of cigarette smoke exposure on FeNO are not yet well understood, and while a decreased baseline FeNO has been reliably observed in allergic patients with asthma with chronic exposed to tobacco smoke, there is evidence of a transient increase in FeNO in the minutes to hours after smoking. 72 73 One possible explanation is that smoke leads to increased airway neutrophilia and reduced airway eosinophilia.
For tissue and serum markers of inflammatory pathways, the data on effects of tobacco on patients with asthma are less consistent. Allergic children with asthma with tobacco smoke exposure show higher serum levels of the T2 cytokine IL-13 (a promoter of IgE production as well as goblet cell metaplasia and airway hyper-responsiveness) and IgE than those without smoke exposure. [74] [75] [76] [77] However, serum eosinophils, traditionally elevated in T2 inflammation have been measured as unchanged or decreased in smoking patients with asthma when compared with their non-smoking counterparts. 71 73 Limited data suggest that among asthmatic adults, smokers do not show significantly different levels of IL-4, IL-5 ,or TNF in bronchial tissues as compared with non-smokers; however, further research is needed to validate these findings. 78 There are few studies showing synergistic effects of tobacco smoke and respiratory viral infections in the development or exacerbations of asthma. Mouse data show that influenza A-exposed airways have less response to acute β-adrenergic agonists in the presence of cigarette smoke, though this does not show a clear altered inflammatory on pathway. 79 Neonatal mice exposed to sidestream tobacco smoke showed increased BAL eosinophils and T inflammation suppression when infected with RSV. 80 More compelling evidence showed that cultured human airway cells treated with tobacco smoke and exposed to human RV have decreased antiviral cytokine production (CXCL10 and IFN-β), increased RV replication, and a persistent impaired viral response for more than 24 hours after tobacco smoke treatment. 81 While other in vitro studies have yielded mixed results, most postulate that tobacco smoke alters an airway cell's inflammatory pathways in an additive way with RV. [82] [83] [84] Though not focusing on asthma per se, a retrospective case-control study looking at children infected with influenza showed increased intensive care needs, intubation rates, and longer hospitalizations in subjects exposed to secondhand smoke compared those not exposed. 85 Infants admitted with severe RSV bronchiolitis had lower oxygen saturations and were more likely to have a family history of atopy if they were exposed to secondhand tobacco smoke. 86 These clinical data provide a strong rationale that tobacco smoke alters airway and host immunity with respect to respiratory viral infections, though it does not show a synergistic development of a specific asthma phenotype. Further studies will need to look at how tobacco smoke sensitizes people to respiratory viruses and the potential synergistic development or worsening of asthma. Figure 2 illustrates the synergistic relationship between ETS and virus infections regarding asthma.
pARTICulATe mATTeR, wIldfIRe smoke, And TRAffIC-RelATed AIR polluTIon
Fine airborne particulate matter, especially matter with a diameter of less than 2.5 µm (PM 2.5 ), includes a diverse array of synthetic and naturally occurring substances, whose small size allows them to travel deep into the respiratory tree. PM 2.5 consists of small dust and smoke particles, diesel exhaust particles (DEPs), and other industrial by-products, organic carbons, sulfate and nitrate ions, metals and others, with specific composition varying by environment. 87 In urban environments of industrialized countries (where incidence of asthma is rising), DEPs are the primary constituent of PM 2.5 , 88 though other indoor pollutants exist. 89 Less developed regions frequently have a large particle burden from combustion of biomass fuels, including in-home wood-burning stoves. 90 Overall exposure to elevated levels of PM 2.5 can lead to both acute and chronic respiratory impairment. American children from the general population who were exposed to a 2-week average PM 2.5 level of roughly 30 µg/m 3 from ages 10 years to 18 years were five times as likely to have a decreased FEV 1 at age 18 years compared with those with an average PM 2.5 level 8 µg/m 3 (7.9% vs 1.6%). 91 In 1997, the EPA established an annual standard for PM 2.5 of 15 µg/ m 3 and a 24 hours standard of 65 µg/m 3 ; in 2012 these standards were revised to 12 µg/m 3 and 35 µg/m 3 , respectively. 92 Despite regions in which PM 2.5 falls within accepted standards (both at the 1997 and 2012 standards), a difference of 1 IQR in concentrations is associated with decreased FEV 1 / FVC in otherwise healthy children and adults, and clinically significant decreases in aerobic fitness. 93 94 Changes in spirometry correlated to changes in PM 2.5 concentration have been noted at 1-8 hours after exposure in patients with asthma and 8 hours to 5 days in healthy subjects. [95] [96] [97] Increases of 10 µg/m 3 PM 2.5 above local baseline is a commonly used metric when assessing effects on asthma. For children with asthma living in industrial areas, such a change is associated with increased hospital visits 0-4 days postexposure, with a 1.021 relative risk of hospitalization during this time period. [98] [99] [100] A meta-analysis of 26 studies suggest that children under age 5 years are at greatest risk of bronchospasm within 3 days of high PM 2.5 exposure. 101 102 The increased hospitalizations appear to be in the warmer seasons implicating increased outdoor PM 2.5 levels.
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Wildfires are an increasing threat in many parts of USA, especially in western USA. It is well documented that wildfires expose many people to high concentrations of PM 2.5 , in part due to the tremendous wood smoke generated. 103 104 Though the data are inconclusive among available studies, wildfires have resulted in adverse health effects, increased health costs, and increased hospitalizations for respiratory and cardiac problems. 105 106 Asthma admissions and symptoms are particularly increased in children even as the air quality index starts to improve after a wildfire has been controlled. 105 107 Asthma control is significantly compromised during and after wildfires, 108 even if lung function itself is not changed. Interestingly, there may be an association between wildfire smoke and obese children with asthma in exacerbation rates and loss of asthma control 109 suggesting a complex interaction between PM 2.5 , asthma, and obesity that may involve non-allergic factors. As wildfires are expected to worsen over the next few years, understanding the relationship between PM 2.5 and asthma will need to be a major research priority.
DEPs are the best studied of the common sources of PM 2.5 , particularly in relation to underlying mechanisms of inflammation. DEPs are a diverse array of constituents including inorganic, metal-containing compounds (Ti, Mn, Cr, Fe, Zn, Pb), hydrocarbons (aldehydes, benzene, polycyclic aromatic hydrocarbons (PAHs), and nitro-PAHs), nitrogen dioxide, carbon monoxide, and others. 88 Relative to other sources of PM 2.5 , exposure to DEP is strongly associated with asthma exacerbations among children living in urban environments. 90 Effect of DEPs on pulmonary disease appears to be primarily through induction of a strong T2 inflammatory pattern. Children with asthma with chronically elevated exposure to DEP have greater FeNO levels compared with their less-exposed counterparts with asthma. 110 111 Transient increases in ambient DEPs that occur as part of the typical variability in an urban environment yield increases in FeNO observed at a 48-hour lag period. 112 Increase in ECP on nasal lavage is seen following DEP exposure. 113 114 Among adults with prior allergen sensitization, a 2-hour exposure to DEPs increased airway eosinophils, ECP, and IL-5 production (measured in lung lavage) in response to an allergen challenge. 115 Patients with asthma with chronically elevated highway exposure had greater sputum eosinophils relative to peers with lesser exposure. 116 Examination of the effect of DEPs on IL-6, a promoter of T2 differentiation and inhibitor of Th1 differentiation, has yielded mixed results. 117 Measurements of IL-6 in serum and sputum of mine workers collected 2 hours and 5 hours after a 200 min exposure showed increased IL-6 in both samples relative to pre-exposure baseline. This correlated with a decline in FEV 1 , FVC, and FEV 1 /FVC ratio. 118 Conversely, a different study showed no association between transient variation in ambient DEP levels experienced by truck drivers and IL-6 measured over the subsequent 48 hours. 119 However, comparing multiple populations exposed to differing levels, a near doubling of automotive exhaust-associated PM 2.5 concentrations (111.1 µg/m 3 compared with 68.2 µg/m 3 ) was associated with nearly an order of magnitude greater levels of serum IL-6. 120 121 It has also been shown that differences in DEP (a heterogeneous product with regional component variability) have differing effects on IL-6, with organic components having a predominantly stimulatory effect and non-organic components inhibiting IL-6 production. 87 IL-4 and IL-8 also increase in patients with asthma with DEP exposure, with the former showing particular elevation during acute exacerbations. 122 123 In addition to stimulating T2-high inflammation, DEP also appears to independently suppress common mediators of T2-low inflammation. Peripheral IL-12 and IFN-γ production are suppressed via an oxidative stress-mediated mechanism in patients with asthma and patients without asthma, alike. 124 125 Two studies of non-asthmatic tunnel construction workers showed decreased levels of TNF-α after prolonged exposure to high levels of DEP. 126 127 DEP also suppresses the function of natural killer cells, themselves an eradicator of airway eosinophils, leading to prolonged, and dysregulated eosinophilic inflammation in airways. 115 Though diesel exhaust, and likely other PM 2.5 matter, alters a person's immune response, the association between DEP and virus infections in humans is not heavily documented. Several murine studies showing altered airway immune responses to virus infections resulting in increased inflammation and/or impaired lung function. [128] [129] [130] [131] One study looking at DEP exposure and virus titers showed that the combination of DEP and influenza infection results in increased lung neutrophils, increased influenza virus titers, and reduced lung function compared with mice exposed to DEP or influenza alone. 131 In this study lung impairment was not significantly different between DEP/influenza-exposed vs influenza alone-exposed mice, suggesting that the virus infection exerts the most significant lung damage. In vitro studies looking at airway cells exposed to DEP and influenza virus have shown increased oxidative stress, viral replication, and virus attachment in DEP-exposed cells, 132 which may be mediated by enhanced TLR3 pathways. 133 One in vitro study showed enhanced RV replication and species-specific inflammatory cytokine production in nasal epithelial cells exposed to Asian sand dust, a fine particulate found in the Mongolian deserts. 134 A randomized, placebo-controlled study assessed combined DEP exposure with live attenuated influenza virus on patients with and without nasal allergies. 113 DEP/ influenza exposure resulted in increased IFN-γ production (not associated with allergic patients) and increased eotaxin-1, ECP, and influenza RNA sequences in nasal lavage cells (associated with allergic patients). Although not particular to asthma, these findings suggest a priming of the both non-allergic and allergic cells by DEP to the effects of influenza infection. Altogether, the murine, in vitro, and human studies paint a compelling picture of synergistic activity between PM 2.5 , DEPs in particular, and respiratory viruses. Further study is needed to determine the magnitude of these interactions on significant clinical outcomes including asthma exacerbations and long-term asthma control (see figure 2 ).
volATIle oRgAnIC Compounds
The role of VOCs in the potentiation of asthma is an increasingly exciting area of investigation, and will be a focus for the future. VOCs are found in the home and work indoor and outdoor environments; they are produced from on October 3, 2019 by guest. Protected by copyright.
http://jim.bmj.com/ Review cosmetics, perfumes, air fresheners, paints, cleaning solutions, and other commonly used chemicals. The developing respiratory tract is universally exposed to VOCs because of their ubiquity in urban environments and in developed countries. Understanding their effects and impact on lung health in vulnerable populations is an area for further research, academically and from a public health perspective. VOC concentrations are often highest indoors due to lack of circulating air and closed spaces, and early studies examining VOCs demonstrated indoor concentrations of VOCs that are 5-10 times higher than the outdoors. 135 136 Nocturnal breathlessness has been linked with elevated levels of VOCs and formaldehyde. 136 Other specific VOCs have been implicated in the development or worsening of asthma symptoms: the presence of limonene has been associated with wheezing and terpene has been associated with a reduction in peak expiratory flow. 137 Randomized controlled trials have demonstrated that at VOC levels above 25 mg/m 3 there is an increase in respiratory symptoms and a decrease in FEF25%-75% (mid-expiratory flows) in patients with asthma. 138 The mechanism of injury to lung epithelium from VOCs is not well understood but is postulated to have multiple pathways that lead to airway sensitization and bronchoreactivity. First, there may be an IgE-mediated pathway in which VOCs need to form haptens with other molecules to create a recognized antigen. 139 Second, a single agent in high concentration may directly lead to epithelial damage, oxidation, and bronchospasm. 140 141 Finally, there may be disruption of the neurogenic pathway in which irritant VOCs can lead to lower levels of neuroendopeptidase and thus result in the excess of tachykinins, which can play a role in bronchospasm. 139 One line of evidence assessing periostin levels in asthmatic Korean children exposed to VOCs showed that periostin was negatively correlated with xylene and formaldehyde exposure. 142 This suggests that VOCs may act through non-T2-high pathways to create asthma symptoms.
While there is significant variation in the compositions of environmental ambient VOC by the time of day and weather patterns, several VOCs have been identified in association with asthma symptoms. Formaldehyde has been linked with causing increased dyspnea and decreased FEV 1 . 143 A study showed children with a physician diagnosis of asthma or chronic bronchitis were more likely to live in homes in which the formaldehyde concentrations were greater than 41 ppb. 144 This also demonstrated an inverse relationship between peak expiratory flow measures and formaldehyde concentrations. Franklin et al reported that in patients living in homes with formaldehyde >50 ppb, FeNO was elevated suggesting the association with T2-high inflammation. 145 Toluene-a hydrocarbon found in many commonly used products such as paint and paint thinners, cleaners and other household products-has also been implicated in asthma. Toluene is often found to be the culprit in occupational asthma and acute bronchohyper-reactivity. 146 Exposure to toluene has been shown to be associated with significantly lower FEV 1 , higher medication needs, and increased bronchial reactivity to a methacholine challenge test. 146 These changes persisted in patients who had continued exposure to the aromatic hydrocarbon. One particularly interesting finding on a molecular level was that toluene haptenized with albumin increased cellular IFN-γ and IL-4 production, suggesting a T cell response and possible influence on the T2 pathway. 147 Though it is likely that acute or repeated exposure to VOCs would render airways more susceptible to virus infections, to our knowledge there are no clinical or cellular data to support this interaction. As with smoking and PM 2.5 exposures, it is highly plausible that inflamed airways alter the binding, cell signaling, and/or viral replication properties of affected airway cells. Future studies from both epidemiologic and in vitro perspectives as well as animal studies may highlight a synergistic relationship between VOCs and viruses on asthma (see figure 2 ).
fuTuRe dIReCTIons In undeRsTAnIng vIRuses, non-AlleRgen AsThmA TRIggeRs, And TheIR InTeRACTIons
Though there is remarkable progress being made regarding novel treatment options for severe asthma with the advent of biologic therapies, we still need a better understanding of how non-allergen triggers lead to airway inflammation in asthma and acute exacerbations. Moreover, we need a better understanding of how respiratory viruses and non-allergen triggers interact at the airway and systems levels. Ascertaining these mechanisms may help identify the cause of exacerbations earlier, promote recovery, and prevent re-exacerbations. In addition, by knowing which populations are highly susceptible to severe asthma exacerbations (eg, children with secondhand smoke exposure and influenza virus infection), public health efforts may intensify for these groups.
In the current era of personalized 'precision' medicine, the use and monitoring of exhaled breath condensates in the diagnosis and management of asthma is an exciting and rapidly evolving area of investigation. Differences in exhaled breath condensate signals may allow us to differentiate between subjects with and without asthma, and may further allow us to eventually differentiate asthma from other airway diseases such as chronic obstructive pulmonary disease. [148] [149] [150] In our own clinics at the University of California, Davis, we routinely use measures of FeNO, a known marker of eosinophilic airway inflammation, as one part of our assessment of the patient's control of disease based on the American Thoracic Society's published clinical practice guidelines published in 2011. The technology for measuring FeNO has also been standardized. However, there are barriers and limitations to its use. General practices or clinics who care for patients with asthma may not have the means to procure and maintain these tools. Additionally staff needs to be trained to ensure measurements are collected in the appropriate manner and clinicians need to become comfortable with applying this additional data in the entire clinical context of each patient's case. See figure 3 for a proposed algorithm to monitor exhaled breath metabolomic signals to help monitor asthma.
The use of breath metabolomics in patients with asthma has promise in potentially identifying infectious triggers, which are the leading cause for asthma exacerbations worldwide. Ex vivo studies have uncovered significant differences in VOC profiles of virus-infected cells. 151 152 on In a European cohort of children with viral respiratory infection, there were markedly different VOC profiles as compared with their uninfected counterparts. Even in the recovery and resolution of symptoms, the altered VOC profile has persisted. 153 These results have important implications for future research and clinical practice. The routine monitoring of breath metabolomics may be able to help both clinicians and patients identify early changes in airway inflammation which may lead to more expedient and more intense augmentation of therapy, and closer short-term monitoring. This may potentially also reduce the need for hospitalizations or ED visits. Additionally, the continued assessment of breath metabolomics in the recovery phase may also help clinicians identify patients at risk for re-exacerbation and may also be useful in deciding when to de-escalate asthma therapies on recovery.
There is also significant potential in the efforts to measure and monitor environmental and exogenous air pollutants and their role in individual and population-wide effects. Poor understanding of alternations in breath metabolomics in relation to chronic exposures is due to lack of large-scale, longitudinal studies examining these exposures and their correlations to breath metabolomics and clinical states. However, smaller studies and their results suggest this is a worthwhile and relevant area to study. For example, a small plot study involving hospital cleaners when compared with a control group of non-cleaners did show exhaled breath condensate had: (1) Higher pH and ammonium which supports the concept that we can monitor exposure to ammonia-based cleaning solutions. (2) Higher levels of H 2 O 2 and 4-hydroxynonenal which may suggest higher oxidative stress in the airways. 154 Additionally, we know that exposure to PM 2.5 , such as diesel exhaust, in atopic patients leads to significant changes in airway inflammatory profiles with significant upregulation of both T2-high and T2-low inflammatory markers. 115 Early childhood exposure to diesel exhaust in allergic patients was strongly correlated with the prevalence of asthma. 155 As the prevalence of asthma slowly rises in USA and abroad, these findings may be helpful in linking local and regional epidemiological trends in asthma. We may see the increase in airways disease as it relates to concentrations of diesel exhaust and other exogenous volatile compounds that result from the industrialization of third-world countries. Surveillance of PM 2.5 compounds may be useful in larger environmental and workplace policy regulations and restrictions.
Although the study of breath metabolomics remains in its infancy, there have been exciting studies that suggest that this may be a useful non-invasive clinical tool in asthma. However, there are several noteworthy limitations to this field: (1) There are no current standardized methods or protocols to collect breath metabolomics with environmental data. (2) Large-scale cohort studies are needed to examine breath metabolomics, first to identify various inflammatory profiles in asthma, and second, to determine the changes that occur naturally over time and with different acute exposures. (3) Trending PM2.5 and other air pollutants over time will be important in understanding the environmental impact humans have on lung disease and other disease states. These early associations and findings both on the individual and population levels are areas worthy of further exploration that can have meaningful personal and large-scale impact on health and healthcare costs.
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